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Dividing cells almost always adopt a spherical shape. This is true of most eukaryotic cells lacking a rigid cell
wall and is observed in tissue culture and single-celled organisms, as well as in cells dividing inside tissues.
While themechanisms underlying this shape change are nowwell described, the functional importance of the
spherical mitotic cell for the success of cell division has been thus far scarcely addressed. Here we discuss
howmitotic rounding contributes to spindle assembly and positioning, aswell as the potential consequences
of abnormal mitotic cell shape and size on chromosome segregation, tissue growth, and cancer.Introduction
Since Walther Flemming first described the segregation of
chromosomes in 1882, mitosis has become one of the best-
studied processes in cell biology. How the mitotic spindle
forms, captures chromosomes, and segregates them equally
into two daughter cells is now understood with minute mole-
cular detail. However, it has only relatively recently become
clear that mitosis involves not only spindle formation but also
a complete reorganization of cell architecture that affects
almost all cellular processes. One of the most striking examples
of this is the dramatic change to cell geometry that occurs
when cells enter mitosis. Researchers working with cell lines
in tissue culture have long observed that cells abandon their
flattened, spread morphology at mitosis and round up to
become spherical (Aubin et al., 1979; Cramer and Mitchison,
1997; Harris, 1973). This phenomenon, known as ‘‘mitotic cell
rounding,’’ appears to be nearly universal in metazoan cells
and other eukaryotes lacking a rigid cell wall. It has been
observed in organisms as diverse as Dictyolstelium, hydra, flies,
and mice (Kunda et al., 2008; Luxenburg et al., 2011; McCon-
nell, 1930; Zang et al., 1997). The fact that this process is so
well conserved through evolution suggests that it plays an
important role in cell division.
However, it is only in recent years that mitotic rounding
has become the focus of detailed study, with many works
attempting to unravel the molecular mechanisms that underlie
it. It is now becoming clear that mitotic rounding is a complex
process, requiring the precise coordination of multiple signaling
pathways. To become spherical, cells must first decrease
adhesion to their substrate by disassembling focal adhesion
complexes (Dao et al., 2009). In parallel, changes to intracellular
osmotic pressure cause water to enter the cell, allowing it to
swell up like an inflated balloon (Stewart et al., 2011). Finally,
mitotic rounding also requires the complete reorganization of
the actin cytoskeleton. Interphase actin structures, such as
stress fibers and lamellae, are disassembled upon entry to
mitosis and actin filaments are recruited to the cortex, directly
underlying the plasma membrane (Kunda and Baum, 2009;
Kunda et al., 2008; Maddox and Burridge, 2003). The mitoticcortex appears to differ from the interphase cortex in that it is
thinner (Clark et al., 2013) but also more rigid, thereby imparting
an increased stiffness to mitotic cells (Kunda et al., 2008;
Maddox and Burridge, 2003; Matthews et al., 2012). Actin is
required for both the changes to cell geometry and the increase
in stiffness that occur at mitotic entry, but the precise interplay
between shape andmechanics during this process is not yet fully
understood. Recent studies have revealed several players that
control actin remodeling at mitosis. These include the small
Rho GTPase RhoA and its activator, Ect2, as well as members
of the ezrin/radixin/moesin (ERM) family of actin/membrane
crosslinkers (Carreno et al., 2008; Kunda et al., 2008, 2012;
Maddox and Burridge, 2003; Matthews et al., 2012). However,
the regulation of actin during mitosis has been widely reviewed
elsewhere (Kunda and Baum, 2009; Lancaster and Baum,
2014) and so will not be discussed further here.
In this Perspective, we turn our attention to another
fundamental question in the field: why do cells change shape
to become round at mitosis? Given that mitotic spindles are
able to form and segregate chromosomes in cell-free systems
such as Xenopus egg extract (Hannak and Heald, 2006;
Heald et al., 1997), it has been easy in the past to dismiss mitotic
rounding as unnecessary for chromosome segregation. How-
ever, recent work has demonstrated that this is not the case
and that in fact, mitotic rounding is essential for faithful chro-
mosome segregation during cell division (Lancaster et al.,
2013). This is because mitotic spindle formation requires a
defined geometric space and becoming spherical at mitosis is
the key mechanism that allows cells to generate this space.
Here, we review the recent evidence that rounding is required
for many aspects of mitosis including chromosome capture,
spindle formation, and stability. In addition, we consider how
cell geometry affects the positioning of the spindle and division
plane within the cell and how this may lead to the symmetric or
asymmetric segregation of cytoplasmic content between two
daughter cells. Finally, we explore the wider significance of
mitotic rounding and speculate on the role it may play in vivo
on cell fate determination, tissue growth, morphogenesis, and
cancer.Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc. 159
Figure 1. Impact of Cell Geometry on Mitotic Spindle Assembly and
Chromosome Capture
Diagram representing altered mitotic cell geometry. (1) Below a threshold
dimensions in [XY] chromosome capture and spindle assembly are altered,
even if the [Z] dimension is large. (2) For [XY] dimensions permissive for
chromosome capture and spindle assembly, a large [Z] dimension can induce
spindle centering defects. (3 and 5) A slight shift from a spherical shape, in
either [XY] (5) or [Z] (3), can strongly affect the cell division plane (Hertwig rule;
see Minc et al., 2011; Minc and Piel, 2012). (4) Optimal cell geometry and size
for spindle assembly and positioning. (6) Flattening cells increases their size in
[XY] dimensions, hampering the contact of the astral microtubules with the cell
cortex, which can cause spindle mispositioning defects, and (7) induce
chromosome capture defects and spindle poles splitting below a threshold
that depends on the cell type (see Lancaster et al., 2013). (8) Small cell, which
prevents spindle assembly; (9) large cell, which causes spindle positioning
defects.
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Chromosome Segregation
The essential goal of mitosis is the accurate and symmetrical
segregation of genetic information. To address the question of
whether mitotic rounding plays any role in this process, a recent
study by Lancaster et al. (2013) forced HeLa cells to entermitosis
with an artificial flattened shape induced either by overexpres-
sion of adhesion regulator Rap1 (Dao et al., 2009) or by mechan-
ical confinement in chambers of limited height (Lancaster et al.,
2013; Le Berre et al., 2012; Tse et al., 2012). Both treatments
significantly alter cell geometry at mitosis, preventing cells
from rounding up and forcing them to adopt a flat shape with
an increased spread area but severely decreased height
(Figure 1). Altering the dimensions of mitotic space in this way
had a profound effect on the efficiency of spindle formation
and led to frequent chromosome segregation errors and aneu-
ploidy (Lancaster et al., 2013). Thus cell rounding was revealed
to be one of the many mechanisms that facilitate efficient and
faithful segregation of genetic material at mitosis. Specifically,
this study identified two main aspects of spindle formation that
were perturbed when mitotic rounding was inhibited: chromo-
some capture and bipolar spindle stability.160 Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc.Chromosome Capture: Finding Chromosomes Is Easier
in a Limited Geometric Space
To achieve the symmetrical segregation of the genetic material
at mitosis, all chromosomes must be captured by microtubule
binding to kinetochores and arrayed to form a bipolar spindle.
Biorientated attachment of every chromosome is ensured by
the spindle assembly checkpoint (SAC), a signaling cascade
that senses unattached kinetochores and acts together with a
force-sensing correction mechanism to delay chromosome
segregation and anaphase until all chromosomes are correctly
attached (Foley and Kapoor, 2013). The reliability of this process
is essential for tissue homeostasis as SAC slippage or prolonged
activation results in chromosome missegregation errors leading
to chromosome instability (Bakhoum et al., 2009; Ganem et al.,
2009; Ganem and Pellman, 2012; Silkworth et al., 2009), aneu-
ploidy (Daum et al., 2011), and cell-cycle arrest (Uetake and
Sluder, 2010). Mitotic rounding is required for successful and
timely satisfaction of the SAC, as artificially flattened cells
show a significant delay in anaphase onset compared to wild-
type, spherical cells (Lancaster et al., 2013). This is due to severe
defects in chromosome capture by microtubules: while control
HeLa cells were able to capture all chromosomes within
10 min, flat cells still showed unattached kinetochores at the
same time point (Lancaster et al., 2013 and Figure 1). A simple
explanation for this is the limited range of microtubules
emanating from centrosomes, which have a maximum reach of
about 15 mm in somatic cells (Collins et al., 2012; Le´na´rt et al.,
2005; Picone et al., 2010; Piehl and Cassimeris, 2003; Varga
et al., 2009; Wu¨hr et al., 2008). In flat cells, chromosomes are
scattered over a larger area than in control cells; therefore,
some of the chromosomes can be reached only by microtubules
emanating from one pole or are out of reach of microtubules
entirely (Lancaster et al., 2013). The chromosome capture
defects observed in flattened cells can be rescued by altering
microtubule dynamics to elongate microtubules, demonstrating
that microtubule reach is of critical importance for chromosome
capture (Lancaster et al., 2013). Thus, the round shape of mitotic
cells enables efficient chromosome capture by limiting the space
dimensions in which chromosomes can be found by micro-
tubules. Indeed in very large cells, such as the Xenopus oocyte,
additional mechanisms are required to ensure that chromo-
somes are gathered in a limited space (Field and Le´na´rt, 2011).
The spindle is thus of optimal size to catch all chromosomes in
the constrained volume of a rounded somatic cell (Collins
et al., 2012; Domnitz et al., 2012; Lancaster et al., 2013).
Changing geometry to become spherical at mitosis ensures
that all chromosomes are captured quickly at mitosis by bringing
them together with spindle microtubules in a small enough
space. On the other hand, it is likely that there is also a minimal
space requirement for chromosome capture. In 1986, Kirschner
and Mitchison proposed the ‘‘Search & Capture’’ theory,
whereby microtubules randomly emanate from centrosomes
and become stabilized following kinetochore attachment
(Kirschner and Mitchison, 1986). Though microtubules are
indeed stabilized at kinetochores, recent mathematical models
predict that random search and capture is not fast enough to
achieve bioriented attachments to all chromosomes in realistic
time scales (Paul et al., 2009) and might require additional
biochemical or geometrical biases (Kapoor et al., 2006; Le´na´rt
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man et al., 2005). Several mechanisms have been proposed to
explain the high efficiency of chromosome capture including a
microtubule-stabilizing gradient of RanGTP that promotes
microtubule polymerization toward the center of the cell (Woll-
man et al., 2005) and the positioning of chromosomes at the
cell periphery (Magidson et al., 2011). A specific spatial configu-
ration of chromosomes at prometaphase is instrumental for fast
and robust capture, with condensed chromosomes being
moved from their central position at nuclear envelope break-
down toward the cell equator (Magidson et al., 2011). This
ring-like arrangement of chromosomes facilitates correct attach-
ment but is space consuming. Rounding up at mitosis is likely to
allow cells to create a perfectly sized space for chromosome
capture, which is both small enough to prevent chromosomes
becoming ‘‘lost’’ outside the reach of microtubules but also large
enough to allow the specific chromosomal formations that facil-
itate efficient capture.
Bipolar Spindle Stability: Maintenance of a Bipolar
Spindle Requires Space
Forcing cells to enter mitosis with a flattened interphase-like
shape imposes two major changes to cell dimensions without
necessarily altering total cell volume. First, it greatly increases
the length and width of the cell, resulting in defects in chromo-
some capture as described above. Second, it decreases cell
height. This height restriction severely affects the structure of
the mitotic spindle. In HeLa cells flattened to a height of 7 mm
or less, spindle poles often split, creating additional, ectopic
poles lacking centrioles and leading to multipolar divisions and
cell death or aneuploidy (Figure 1; Lancaster et al., 2013). This
demonstrates that spindles have minimal space requirements,
under which they cannot maintain bipolarity. This is probably
due to length restrictions of kinetochore microtubules and to
mechanical constraints on spindle pole positioning. Mitotic
rounding functions to provide the optimal geometry to establish
and maintain a bipolar spindle and, therefore, allow for correct
chromosome segregation (Lancaster et al., 2013).
The Importance of Cell Shape on Spindle and Division
Plane Positioning
As well as being essential for chromosome capture and spindle
stability, rounding also plays a third crucial role during mitosis. It
allows the spindle to accurately find the center of the cell. While
spindle positioning is not important for successful chromosome
segregation per se, the location of the spindle determines the
position of the cleavage furrow at cytokinesis and hence the
division of cytoplasmic contents between the two daughter cells
(Green et al., 2012). In artificially flattened cells, defects in spindle
positioning are frequently observed with many cells showing
unstable, ‘‘wandering’’ spindles that move about within the cell
(O.M. Lancaster, M.L.B., B. Baum, and M.P., unpublished
data). In a rounded metaphase cell, the spindle is positioned in
the cell center by a balance of cortical pulling forces exerted
on astral microtubules emanating from the spindle poles (Collins
et al., 2012). This requires the microtubule motor dynein/
dynactin, which is recruited at the poles through its interaction
the Gai/LGN/NuMa cortical complex (Kotak et al., 2012; Wood-
ard et al., 2010). Twomechanisms regulate dynein localization at
the cortex to center the spindle (Kiyomitsu and Cheeseman,2012). First, polo-like kinase at the spindle pole inhibits the inter-
action of dynein/dynactin with LGN/NuMA, leading to negative
regulation of force-generators as the pole comes closer to the
cortex. Second, a Ran-GTP chromosome-derived signal stabi-
lizes Gai/LGN/NuMA at the poles via inhibition of NuMa on the
lateral cortex (Kiyomitsu and Cheeseman 2012). In addition,
spindle mispositioning correction mechanisms also operate at
anaphase to increase the robustness of division symmetry (Kiyo-
mitsu and Cheeseman, 2013). These spindle-centering mecha-
nisms rely on a balance of forces achieved by the symmetrical
interaction of astral microtubules from both poles with the cell
cortex. Rounding is likely to facilitate these spindle-cortical inter-
actions, by ensuring that the cortex remains in close proximity to
the spindle in all directions. In flattened cells, with an elongated
axis, astral microtubules are unable to reach the cortex in every
direction, resulting in an unstable mispositioned spindle (O.M.
Lancaster, M.L.B., B. Baum, and M.P., unpublished data).
Mitotic rounding may also help cells sense their external envi-
ronment to position the spindle. Indeed, the earliest identified
factor that positions the division plane was cell shape, leading
to the famous Hertwig rule: cells divide perpendicularly to their
longest axis. This rule has since been verified in a very large num-
ber of cases, and some cells have been shown to be extremely
sensitive even to small deformations in shape, due to micro-
tubule-length-dependent pulling forces on spindle poles (Minc
et al., 2011). Tissue-culture cells are able to align their spindle
according to their interphase long axis, through a mechanism
dependent on mitotic rounding. Rounding enables cells to retain
a ‘‘memory’’ of their interphase shape through force-sensing
retraction fibers that maintain connections with the substrate
(Fink et al., 2011). In slightly confined cells, which have no spindle
assembly defects, but cannot perfectly round up at mitosis, this
force-sensing mechanism is disrupted and cells are no longer
able to sense and align their spindle with their interphase long
axis (O.M. Lancaster, M.L.B., B. Baum, and M.P., unpublished
data). Thus, spindle orientation seems even more sensitive to
mitotic cell shape than chromosome capture or spindle bipolarity
(Figure 1). In tissues, the spindle orientation process is more
complex, with spindles aligning relative to internal and external
polarity cues. In addition, the orientation process can exploit
the Hertwig rule by imposing an anisotropic shape to the dividing
cell (Mao et al., 2011, 2013) but, alternatively, external con-
straints randomly imposing an elongated shape to dividing cells
might be detrimental to sensing of these cues (Luxenburg et al.,
2011). How various chemical and mechanical cues contribute to
orient the division plane and might compete with each other was
recently discussed (Minc and Piel, 2012) and will not be further
discussed here. However, it is clear that mitotic rounding also
has an important role in setting the division axis in this context.
Depending on the tissue, it could either shelter the dividing cell
from external constraints to allow other cues to dominate deter-
mination of the division plane or it could allow the dividing cell to
align with force fields to reduce tension in a growing tissue (Cam-
pinho et al., 2013; Fink et al., 2011; Ranft et al., 2010).
Cell Shape and Spindle Positioning in Symmetrical and
Asymmetrical Cell Division
The role of cell shape in positioning the mitotic spindle means
that any defects in cell shape control are likely to result in gross
asymmetries in daughter cell size following cytokinesis. Indeed,Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc. 161
Figure 2. The Symmetry of Division
(A) In symmetrically dividing cells (Ai), the precision of the symmetry of division must be accurate to ensure size homeostasis in the population (graph, orange line).
Asymmetrical divisions can be artificially induced chemically by RNAi (Aii) or mechanically (Aiii). Such artificially induced asymmetrical divisions would enable
studying the consequences of asymmetrical division of cytoplasmic content and testing whether cells can correct for abnormal sizes at birth (graph, green filled
line, volume ratio big daughter/small daughter comes down to 1) or not (green dashed line).
(B) Asymmetrically dividing cells are observed in developmental or stem cell divisions where the newborn daughter cells have asymmetrical fates. A common
model is Drosophila neuroblasts (NB), which divide asymmetrically both in size and segregation of fate determinants. Among other cortical polarity markers, the
Gai/Pins/Mud complex is crucial for asymmetrical positioning of the spindle. In normal conditions, the division leads to (Bi) a small daughter that inherits the fate
(legend continued on next page)




Perspectivein artificially flattened cells where the spindle is unable to center,
cell division often results in one daughter of much larger size than
the other (O.M. Lancaster and M.L.B., unpublished data; Tse
et al., 2012, see also Figure 2C). The long-term consequences
of these size asymmetries are unknown but may be severe given
the precision with which division symmetry is normally regulated.
Recent studies have quantified a difference of 7% mean volume
(Tzur et al., 2009) and 7.5% ± 4.9% in dry mass (Sung et al.,
2013) in pairs of newborn sister cells. Mechanisms ensuring
the symmetry of division must therefore be tightly regulated
and robust to guarantee such precision in volume distribution.
Although most cell divisions require the production of two
equal-sized daughters, there are also many examples of asym-
metric division throughout development and stem cell biology.
These divisions are usually termed asymmetric because they
give rise to two daughters of different fates (Horvitz and Hersko-
witz, 1992). However, they are frequently also accompanied by
dramatic asymmetries in the size of the resulting daughter cells.
For example, oocytes divide asymmetrically at meiosis to give
rise to a large gamete and a very small polar body, ensuring
that maximum cytoplasmic content and resources are inherited
by the future zygote (Fabritius et al., 2011; Li and Albertini, 2013).
The C. elegans zygote undergoes an asymmetrical division to
produce a larger anterior somatic daughter cell and a small
germline-precursor posterior cell (Go¨nczy, 2008; Siller and
Doe, 2009). Similarly, during Drosophila development, neuro-
blasts divide into one large apical daughter that self-renews
into a neuroblast and a smaller basal daughter, which inherits
fate-determining proteins that induce differentiation into a
ganglion mother cell before dividing one last time to form two
neurons (Figure 2B).
As in symmetrical division, positioning the mitotic spindle
through microtubule-cortex interactions is key to determining
daughter cell size during asymmetric division. In mammalian
polar body extrusion, the mitotic spindle is translocated from
the cell center to the cortex through an actin-dependent mecha-
nism (Fabritius et al., 2011; Li and Albertini, 2013). Asymmetrical
division in the C. elegans zygote and Drosophila neuroblast
require the homologous form of the Ga/LGN/NUMA complex—
Ga/GPR/LIN-5 and Ga/Pins/Mud, respectively—for spindle
positioning. In both models, the key player is a heterotrimeric
G protein, operating through a receptor-independent pathway
involving GoLoco domain-containing proteins such as Pins and
GPR (Fuse et al., 2003; Gotta and Ahringer, 2001; Izumi et al.,
2004; Miller and Rand, 2000; Srinivasan et al., 2003; Yu, 2004;
Yu et al., 2005). However, the mechanisms leading to the spindle
off-centering after its alignment along the polarity axis are
different. In the C. elegans zygote, Ga/GPR/LIN-5 promotes
the localization of dynein heavy chain (Couwenbergs et al.,
2007; Kozlowski et al., 2007; Nguyen-Ngoc et al., 2007) to pro-determinants Brat, Pros, and Numb and gives a ganglion mother cell (GMC) and a
(Bii) asymmetrically segregate fate determinants but show defects in asymmetric
stage, neuroblasts don’t regrow after each division, and these abnormal symme
stopping of proliferation and entering into a dormant state.
(C) Asymmetrical divisions can be artificially induced by confinement in microcha
(plasma membrane) and H2B-mcherry (showing chromosomes), undergoing mito
the cell takes a cylindrical shape (top image), the elongated shape prevents correc
rise to two asymmetrically sized daughter cells (bottom). Right: histogram of volum
showing an increase of asymmetrical divisions when confined in microchannelsduce a net pulling force toward the posterior pole by a mecha-
nism that is not fully understood (Galli and van den Heuvel,
2008; Grill et al., 2001). In the Drosophila neuroblast, the mech-
anism, also not yet fully understood, is more likely to rely on
asymmetrical regulation of microtubule nucleation resulting in
astral microtubules extending more at the apical pole than at
the basal pole (Fuse et al., 2003; Kaltschmidt et al., 2000). All
of the mechanisms described above rely on a balance of
cortical-pulling forces to position the spindle. Therefore, pertur-
bations to cell dimensions and shape are likely to affect these
distance-dependent signals and the efficiency of microtubule-
based forces. The role that cell geometry may play in defining
daughter cell size during both symmetrical and asymmetrical
division is therefore an interesting question for future research.
Impact of Cell Geometry on Cell Fate, Tissue
Morphogenesis, and Disease
Most of our knowledge of the function of cell shape in mitosis
comes from studies carried out in mammalian tissue-culture
cell lines. However, as interest in this field grows, we anticipate
that future work will seek to uncover the wider role of mitotic
shape in vivo. Multiple examples of mitotic shape changes in
adult and developing tissues have been observed (Kondo and
Hayashi, 2013; Kunda et al., 2012; Luxenburg et al., 2011; Meyer
et al., 2011; Nakajima et al., 2013), and it seems likely that a
process that has such an impact on spindle assembly and
positioning in tissue culture is also likely to be crucial for cell
division in tissue homeostasis, development, and disease.
Here we speculate on the role that mitotic cell geometry may
play in three different in vivo processes: cell fate determination,
tissue homeostasis, and cancer.
Volume Asymmetry and Cell Fate
It is clear that cell shape at mitosis plays a role in spindle and
division plane positioning and hence, in the distribution of cyto-
plasmic volume between the two daughter cells. One interesting
question arising from this is what happens when defects in cell
shape induce failure to correctly segregate cytoplasmic con-
tents? How would a normally symmetrically dividing cell resolve
an asymmetrical division and, conversely, what would be the
consequences of forcing an asymmetrical division to become
symmetric in terms of volume distribution? Although the asym-
metrical segregation of cell fate determinants during asymmet-
rical division has been well studied, the function of cytoplasmic
volume differences is not clear. One interesting idea arising
from this is that either symmetrical or asymmetrical distribution
of volume and cell components (i.e., organelles) could play a
role in determining daughter cell fates (Figure 2B).
When addressing the question of the symmetry of volume
division, it is worth noting that cytoplasm distribution does not
necessarily reflect the distribution of subcellular components.large daughter self-renews into a new neuroblast. Conversely, Gb13F mutants
al spindle positioning and thus divide symmetrically in size. At the embryonic
trical divisions fasten size reduction of neuroblasts, which leads to premature
nnels. Overlay of fluorescence images of a HeLa cell expressing MyrPalm-GFP
sis under confinement in a microchannel (images on the left): at mitotic entry,
t spindle positioning (metaphase plate is shifted to the left), and cytokinesis give
e ratios in pairs of daughter cells (big/small daughter cell) just after cytokinesis
of 102 mm2 cross-sectional area.
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specifically localize one fate determinant in one of the daughter
cells. For example, in Drosophila neuroblasts, differential locali-
zation of fate determinants depends on cortical polarity markers
previously asymmetrically recruited along an axis of polarity
(reviewed in Go¨nczy, 2008; Neumu¨ller and Knoblich, 2009). Simi-
larly, in the C. elegans embryo, cytoplasmic P granules are
inherited only by the posterior daughter cell, dependent on an
anterior-posterior gradient of polarity factors and a position-
dependent phase-transition phenomenon (Brangwynne et al.,
2009; Griffin et al., 2011). Alternatively, some components are
equally distributed between the two daughters, regardless of
volume distribution, resulting in symmetrical amounts but asym-
metrical concentrations if volume was asymmetrically distrib-
uted. This is the case for all spindle-associated structures, with
the most evident example being chromosomes. However, other
organelles are also able to exploit this mechanism, such as
the SARA endosomes in Drosophila wing epithelial cells, which
associate with the spindle machinery at mitosis, ensuring that
both daughter cells inherit the same signal levels (Bo¨kel et al.,
2006). Finally, many cytoplasmic components, if freely diffusing
at mitosis, will be distributed proportionally to volume. This is
true for two important organelles, Golgi and mitochondria.
Both organelles, which are linked to the microtubule cytoskel-
eton in interphase, detach from microtubules at mitosis and
become fragmented throughout the cytoplasm, allowing uniform
partitioning during cell division (Kashatus et al., 2011; Yadav and
Linstedt, 2011; Yadav et al., 2012; Yamano and Youle, 2011).
The way in which the endoplasmic reticulum is reorganized at
mitosis is still debated (Lu et al., 2009; McCullough and Lucocq,
2005; Puhka et al., 2012; Puhka et al., 2007), and it will be inter-
esting to know whether this crucial organelle for cell growth is
distributed proportionally to daughter cell size or not.
This last category is intriguing because it suggests an impor-
tant role for size at birth in both symmetrically and asymmetri-
cally dividing cells: the distribution of volume mirrors that of
cell components involved in key cellular functions including
energy production, protein synthesis, nutrient uptake (mem-
brane), cell-cycle timing (e.g., cyclins located in the cytoplasm),
and aging (damaged proteins). Therefore, it is likely that any
asymmetries in volume division would have consequences on
the daughter cells’ ability to grow and proliferate. The best
approach to address this hypothesis would be to induce asym-
metry of volume distribution in normally symmetrical cell division
(Figures 2A and 2B). This could be achieved either by genetic
manipulations that perturb spindle positioning (Figure 2A; see
also Kiyomitsu and Cheeseman, 2012) or by altering cell geom-
etry (Figure 2C; see also Tse et al., 2012). Alternatively, organelle
distribution could be modified directly—for example, by using
RALA knockdown, which disrupts mitochondrial segregation
(Kashatus et al., 2011). In these knockdown cells, a decrease
in the number of metabolically active cells in the population
was measured. Among other plausible explanations for this
effect is the repeated unequal distribution of mitochondria at
mitosis (Kashatus et al., 2011). These approaches would allow
us to determine the long-term implications of division asymme-
tries for cell growth.
Another interesting question is whether a cell population
would eventually be able to recover size homeostasis following164 Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc.induced division asymmetries. This is a long-standing problem
in the field of cell growth and proliferation. If cell growth occurs
exponentially, then any minor error in the symmetry of division
will be rapidly magnified and would be corrected only if a size-
homeostasis maintenance mechanism exists (Conlon and Raff,
2003; Lloyd, 2013;Mitchison, 2003). Themeasurement of a small
error in the symmetry of division (Sung et al., 2013; Tzur et al.,
2009) recently led the authors to hypothesize that there is a
need for a mechanism controlling cell size (Sung et al., 2013),
at least for cell types that were shown to grow exponentially
(Godin et al., 2010; Mir et al., 2011; Park et al., 2010; Sung
et al., 2013; Tzur et al., 2009). It has been suggested that this
mechanism relies on a differential reduction in growth rate after
the G1/S transition with a more pronounced reduction for big,
fast-growing cells (Kafri et al., 2013; Son et al., 2012). However,
the nature of any size-adjusting mechanism that would drive this
size-asymmetry detection and correction mechanism remains
elusive. It is not known whether, for example, it would relate to
cell volume (Tzur et al., 2009), mass (Park et al., 2010; Sung
et al., 2013), or density (Godin et al., 2010; Grover et al., 2011;
Son et al., 2012).
In asymmetrically dividing cells, few studies have focused on
the consequences of unequal daughter cell size. Computational
modeling studies predict that active asymmetrical segregation of
aged or damaged proteins in daughter cells results in increased
robustness in a cell population (Erjavec et al., 2008). The idea
that asymmetrical distribution of damaged protein occurs in
stem cell division to preserve one of the two daughter cells has
been verified in intestinal stem cells (Rujano et al., 2006), repro-
ducing previous findings in budding yeast cell division (Aguilaniu
et al., 2003; Shcheprova et al., 2008). In this study, asymmetrical
distribution of the damaged content relied on an active mecha-
nism involving centrosome-associated structures (Rujano
et al., 2006) but it would be interesting to discover whether asym-
metry in size could also participate in preventing aging, allowing
one daughter cell to maintain its undamaged, self-renewing
properties. Alternatively, the asymmetrical inheritance of organ-
elles could promote growth advantages in one daughter cell.
Neumu¨ller and Knoblich hypothesized that asymmetric ribo-
some biogenesis could function as a mechanism to regulate
growth and self-renewal (Neumu¨ller andKnoblich, 2009). Several
studies in Drosophila germline stem cells support this idea. For
example, the U3 snoRNP component, required for preribosomal
maturation, is inherited by the self-renewing daughter cell
(Fichelson et al., 2009). Conversely, the microRNA-inhibiting
pathway Mei-26 protein is inherited by the differentiating
daughter cell where it restricts growth (Neumu¨ller et al., 2008).
To further explore the possibility that asymmetrical size contrib-
utes to specifying asymmetrical fate during stem cell divisions,
techniques that allow us to artificially modify the symmetry of
volume at division are required. In theC. elegans neuroblast line-
age, perturbation of the division plane can be used to increase
the size of the anterior daughter cell, which induced differentia-
tion into a neuroblast, rather than following an apoptotic program
(Ou et al., 2010). InDrosophila neuroblasts, cell size is thought to
impact cell proliferation rather than differentiation. Wild-type
embryonic neuroblasts do not regrow after each division and
thus gradually become smaller through consecutive divisions
until they reach a dormant state. Disruption of Gb13F and Gg1,
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polarity proteins at the cell cortex, perturb only the symmetry
of spindle positioning and not the segregation of fate determi-
nants (Fuse et al., 2003; Izumi et al., 2004; Kitajima et al.,
2010), hence providing tools to help understand the role of the
asymmetry of volume. Interestingly, in Gb13F mutants, the size
of neuroblasts decreases faster as volume is equally distributed
between the neuroblast and the GMC daughters and they
become dormant faster than in the wild-type condition, thus
leading to neural development defects (Fuse et al., 2003;
Kitajima et al., 2010). This led the authors to hypothesize that
unequal-size division serves to maintain stem cell properties
by minimizing volume reduction in the neuroblast lineage (Fuse
et al., 2003). Further studies are required to reveal the precise
interplay between mitotic cell shape and volume segregation in
these systems and to determine any eventual consequences
on cell fate.
Mitotic Rounding in Tissues: Homeostasis and
Morphogenesis
Mitosis in a tissue presents extra challenges compared to
mitosis in a tissue culture dish. Cellsmust accomplish successful
chromosome segregation in a crowded environment while main-
taining tight connections with neighboring cells. To help achieve
this, mitotic rounding is therefore likely to be of even greater
importance. Round swollen mitotic cells have been frequently
observed in tissues, where dividing cells often appear to actively
deform their interphase neighbors (Kunda et al., 2012; Luxen-
burg et al., 2011; Meyer et al., 2011; Nakajima et al., 2013).
Furthermore, this cell shape change at mitosis has been shown
to play a role in several processes key to maintaining tissue
integrity and homeostasis. For example, in mouse epithelia, fail-
ure of cells to form a mitotic actin cortex and round up leads to
defects in spindle orientation, resulting in differentiation defects
in a system where cell commitment relies on polarized cell divi-
sion (Luxenburg et al., 2011). Likewise, in the pseudostratified
epithelium of the fly imaginal disc, mitotic actin is required to
position the spindle parallel to cell junctions and thus maintain
epithelial integrity (Morin et al., 2007; Nakajima et al., 2013).
Not only is mitotic rounding important for processes occurring
inside the dividing cell, but the drastic change of shape also
affects neighboring cells and produces forces that can have im-
plications for overall tissuemorphogenesis. For example, mitotic
rounding has been recently shown to contribute to morpho-
genesis in the fly tracheal placode, where it is sufficient to initiate
tissue invagination (Kondo and Hayashi, 2013). However, there
have been no studies analyzing whether mitotic rounding is
required for faithful spindle assembly, chromosome segregation,
and division in tissues. We would argue that mitotic rounding is
likely to be critical in this context, not only to generate the neces-
sary space for spindle formation, but also to withstand the high
forces exerted by neighboring cells in a tissue. Measurements
using both atomic force microscopy and optical stretching
have demonstrated that rounding is also accompanied by cell
stiffening, with cells in mitosis being significantly stiffer than their
interphase counterparts (Kunda et al., 2008; Matthews et al.,
2012; Stewart et al., 2011). Like mitotic shape changes, this stiff-
ening is dependent on cortical actin (Matthews et al., 2012). Actin
is essential to generate force during mitotic rounding, as HeLa
cells constrained under a polyacrylamide gel are unable to roundup and deform the gel when treated with actin depolymerizing
drugs, resulting in mitotic catastrophe (Lancaster et al., 2013).
In addition, forces generated by increasing internal osmotic
pressure (Stewart et al., 2011) are also likely to be used by cells
in tissue to acquire a round shape independently of external
mechanical cues. This hypothesis remains to be tested and
leaves us with many questions waiting to be tackled. For
example, how stiff would a cell have to become in order to be
independent of external mechanical cues in tissues? How does
rounding change in different tissues given the inherent variability
in tissue stiffness? Can cells adapt to grow in tissues of a
different stiffness?What are the consequences of failing to round
up during a division in a tissue, considering that multipolar divi-
sions either are deleterious to cell survival or can participate
to cancer onset/development? Importantly, mitotic rounding
mechanisms required for cells to divide in tissues are likely,
due to differences in mechanical environment, to differ from
the mechanisms identified in tissue culture cells.
Mitotic Rounding in Cancer
If cell division in a mechanically stiff tissue is a challenge, then
division in an environment of overgrowth, such as in a tumor,
must present further difficulties. Tumors exhibit distinct nano-
mechanical stiffness profiles, with regions that are both stiffer
and softer than healthy tissue (Plodinec et al., 2012) and mitosis
in such an environment may prove particularly challenging. We
predict that cancer cells in these tumors would have to be
more efficient in space generation at mitotic rounding. Mitosis
is frequently observed in tumor samples, where it can be quan-
tified as an indicator of prognosis and mitotic cells frequently
appear round and swollen compared to their neighbors (Elston
and Ellis, 1991; Roux et al., 2013). We hypothesize that muta-
tions that promote mitotic swelling and stiffening would be
advantageous in such a tumor environment by enabling cancer
cells to continue to divide under extreme physical pressure. In
addition, mitotic rounding may also assist cancer cell division
at sites of metastasis, where cells may have to complete division
in an environment both mechanically and biochemically very
different from that of the primary tumor (reviewed in Matthews
and Baum, 2012). Creating a protective space in which to build
a mitotic spindle, independent of the external mechanical envi-
ronment, would provide an advantage at all stages of cancer
progression.
In addition to dealing with the problems of completing mitosis
in different environments, building a spindle in a cancer cell is
likely to be intrinsically more difficult than in a noncancer cell
due to chromosomal and centrosomal aberrations. Chro-
mosome capture and spindle assembly may require greater
physical space when chromosomes are duplicated or damaged.
An increased number of chromosomes generates a larger meta-
phase plate and bipolarity can be lost above a certain plate
length (Dinarina et al., 2009). DNA content appears to correlate
with how well cells are able to cope with mitosis under mechan-
ical confinement (O.M. Lancaster, M.L.B., B. Baum, and M.P.,
unpublished data). HeLa cells suffer multiple mitotic defects
when constrained in a PDMS chamber of 5 mm high, which
prevents rounding, while nontransformed RPE1 cells are able
to divide successfully under a 5 mm constraint (O.M. Lancaster,
M.L.B., B. Baum, and M.P., unpublished data). RPE1 and
HeLa cells differ significantly in chromosome number, sinceDevelopmental Cell 29, April 28, 2014 ª2014 Elsevier Inc. 165
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with large amounts of foreign DNA from the human papilloma
virus integrated into their genome (Adey et al., 2013). In addition,
binucleated HeLa cells face a greater struggle to divide under
5 mm confinement, with almost no cells able to assemble a
bipolar spindle in these conditions (Lancaster et al., 2013). These
data suggest that the space required to build a fully functioning
mitotic spindle scales with the number of chromosomes to be
segregated and that in aneuploid cancer cells, such as HeLa,
generating this space through mitotic rounding is likely to be of
greater importance.
Another common characteristic of cancer cells is alteration to
the number of centrosomes (reviewed in Godinho et al., 2009).
This is somewhat paradoxical because, while increased centro-
some number has been shown to initiate tumorigenesis (Basto
et al., 2008) and correlate with tumor aggressiveness (D’Assoro
et al., 2002; Giehl et al., 2005; Levine et al., 1991; Lingle et al.,
1998; Pihan et al., 2003), it also results in the recurrent presence
of multipolar spindles in tumor samples (Quintyne et al., 2005). If
thesemultipolar spindles aremaintained until anaphase, they are
likely to be highly deleterious for cancer cells, as multipolar
division often results in death (Ganem et al., 2009). Therefore,
cancer cells have developed a number of mechanisms to form
a bipolar spindle in the presence of extra centrosomes, including
inactivation of some centrosomes, asymmetrical distribution of
centrosomes at anaphase, and clustering of several centro-
somes to form one pole (Ganem et al., 2009; Logarinho et al.,
2012; Quintyne et al., 2005). Spindles with extra centrosomes
are likely to be less stable and be less able to resist external
constraints (Kwon et al., 2008). We observed that inducing over-
duplication of centrosomes by overexpression of Plk4 (Basto
et al., 2008) in RPE1 cells dividing under confinement induced
formation of multipolar spindles while this was not the case if
cells were not confined or in confined cells with a normal number
of centrosomes (O.M. Lancaster, M.L.B., B. Baum, and M.P.,
unpublished data). Thus, it seems that mitotic cell rounding
can facilitate bipolar spindle assembly and successful division
in cells with extra centrosomes. This may be because a larger
metaphase plate imposes stronger forces on the poles and
antagonizes clustering forces. Thus, it seems likely that a robust
mitotic rounding provides an advantage for cancer cells with
additional centrosomes and chromosomes.
The challenges faced by cancer cells during cell division,
including segregating aneuploid chromosomes, resolving multi-
polar spindles, and dividing in environments of high mechanical
stress, suggest that any adaptions that enhancemitotic rounding
in these conditions would be highly favorable. Cancer cells
frequently have altered mechanical properties compared to
nontransformed cells (Guck et al., 2005; Suresh, 2007), but
how this may be specifically regulated during mitosis has not
been studied. Likewise, oncogenic transformation is often asso-
ciated with changes to the actin cytoskeleton (reviewed in Nu¨rn-
berg et al., 2011). Many of the proteins that regulate actin at
mitosis, including Ect2, RhoA, and the ERM family, are also
known as proto-oncogenes and are frequently overexpressed
in a variety of cancers (Bruce et al., 2007; Fields and Justilien,
2010; Heiska et al., 2011; Vega and Ridley, 2008). Many of the
changes to actin regulation in cancer cells have been associated
with cancer invasion and motility (Olson and Sahai, 2009; Yama-166 Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc.guchi and Condeelis, 2007) and are often viewed solely in this
context. However, it is possible that oncogenic mutations to
ERM or actin regulatory proteins serve the additional purpose
of promoting mitotic rounding and thus facilitating cancer cell
division in the crowded tumor environment. Our preliminary
observations suggest that there may be fundamental differences
in mitotic rounding between different cell types and between
cancer and noncancer cells (O.M. Lancaster, M.L.B., B. Baum,
and M.P., unpublished data). This hypothesis demands further
testing. Indeed, identifying mechanisms specific to force
production during mitotic rounding under the confining condi-
tions of tissues might offer new opportunities to prevent cancer
cell proliferation.
Conclusion
Cells have long been known to assume a spherical shape at
mitosis, but the function of this mitotic change in geometry
has, until recently, remained a mystery. New evidence suggests
that becoming round at mitosis is essential for faithful segrega-
tion of genetic content, by allowing cells to efficiently capture
chromosomes and construct a bipolar spindle. In addition, a
uniform mitotic shape allows cells to position the spindle in
the center of the cell, resulting in symmetrical division into
two equal-sized daughter cells. Further studies are required
to address the long-term consequences of the symmetrical
or asymmetrical division of cell volume, and to expand our
knowledge of the role of shape and size in mitosis to the in vivo
environment, in both normal developing tissue and in disease
contexts such as cancer.
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